To study how epithelial layers are formed during early development in Xenopus embryos, we have focused on Claudin, the major component of the tight junction. So far, 19 claudin genes have been found in the mouse, expressed in different epithelial tissues. However, though a number of cytological studies have been done for the roles of Claudins, their expression patterns and functions during early embryogenesis are largely unknown. We found three novel Xenopus claudin genes, which are referred to as claudin-4L1, -4L2, and -7L1. At the early gastrula stage, claudin-4L1, -4L2, and -7L1 mRNAs were detected in the ectoderm and in the mesoderm. At the late gastrula stage, claudin mRNAs were detected in the ectoderm through the involuting archenteron roof. At the neurula stage, claudin-4L1/4L2 and -7L1 mRNAs were differentially expressed in the neural groove and the epidermal ectoderm. At the tailbud stage, the claudin mRNAs were found in the branchial arches, the otic vesicles, the sensorial layer of the epidermis, and along the dorsal midline of the neural tube. In addition, claudin-4L1/4L2 mRNAs were detected in the pronephros and the endoderm, whereas claudin-7L1 mRNA was observed in the epithelial layer of the epidermis. q 2003 Elsevier Science Ireland Ltd. All rights reserved.
Results and discussion
Seven cDNA clones that were homologous to mouse Claudins at the amino acid sequence level were found in expressed sequence tags (ESTs) of a Xenopus anterior endomesoderm cDNA library (Shibata et al., 2001) . We determined the nucleotide sequences of these clones, and found three novel Xenopus claudin genes (Fig. 1a) . They encode 214, 213 and 213 amino acids and were named as claudin-4-like 1 (claudin-4L1), claudin-4-like 2 (claudin-4L2), and claudin-7-like 1 (claudin-7L1) owing to their similarity to mouse claudin genes (Fig. 1a,b) . They have four putative transmembrane regions, which are highly homologous to those of mouse Claudin-1 to -8 (Morita et al., 1999) , and the tyrosine-valine (YV) motif at the COOH-terminus, which is common to previously known Claudins and is thought to be recognized by tight junction associated molecules ZO-1, -2, and -3 through their PDZ domains (Haskins et al., 1998) .
Claudin-4L1 and -4L2 have 66% identity to mouse Claudin-4 and -6, respectively, while 4L1 and 4L2 have 189 amino acids (88%) in common. The level of amino acid homology suggests that Claudin-4L1 and -4L2 are most closely related to mouse Claudin-4. However, the evolutionary scheme made using the UPGMA analysis showed that 4L1 and 4L2 are also highly related to mouse Claudin-6 (Fig. 1c) . 4L1 has 92.5% amino acid and 88.5% DNA identity to the recently reported Xenopus claudin (Xcla) (Brizuela et al., 2001 ). 4L1 and Xcla may correspond to A and B genes of Xenopus pseudotetraploid. Claudin-7L1 was highly homologous to both human and mouse Claudin-7 and -1.
To characterize expression patterns of claudin-4L1, -4L2, and -7L1 during Xenopus embryogenesis, wholemount in situ hybridization was performed. To examine the inside of embryos, embryos were either hemisectioned sagittally then subjected to whole-mount in situ hybridization, or sectioned after whole-mount in situ hybridization. Claudin-4L1, -4L2, and -7L1 were expressed in the animal half at the blastula stage (data not shown). At the gastrula stage (stage 11), claudin expression was found to cover the entire surface ectoderm, but was not found in the yolk plug endoderm ( Fig. 2a-c) . Sagittal sections of stained embryos showed strong claudin expression in the epithelial layer and weak expression in the sensorial layer of the ectoderm (4L1, Fig. 2d ,e; 4L2 and 7L1, data not shown). Hemisections showed that the claudin genes were expressed in the ectoderm including the blastocoel roof and the mesoderm area at the early gastrula stage (stage 10.25) (Fig. 2f-h ). At the late gastrula stage (stage 12), claudin expression in the ectoderm continued in the involuting archenteron roof while expression in the involuting mesoderm decreased and disappeared (Fig. 2i-n) . Thus, claudin-4L1, -4L2, and -7L1 showed similar expression patterns during the gastrula stage.
At the neurula stage, expression of claudin-4L1 and -4L2 decreased in the epidermis and became localized to the neural plate and later to the neural groove area (Fig. 3a, b, d, e, g, h) . Sections showed that expression of claudin-4L1 and -4L2 in the epithelial layer of epidermal ectoderm decreased and disappeared as the stage proceeded, while expression in the sensorial layer became evident (Fig.  4a,b) . In contrast, claudin-7L1 was expressed in the entire epidermis (both epithelial and sensorial layers of the ectoderm), whereas the expression in the neural plate was reduced (Figs. 3c,f and 4e) . Expression of claudin-7L1 in the neural groove area was located to a more distal area (Figs. 3i and 4f ) compared to that of claudin-4L1 and -4L2, which were along the midline of the neural groove (Figs.  3g,h and 4b) . In late neurula to tailbud stage embryos, claudin-4L1 and -4L2 were expressed along the dorsal midline of the neural tube, in the otic placode and vesicle, the branchial arches, the pronephros (Fig. 3j,k ,m,n,p,q), and the sensorial layer of the epidermis and the ventral region of the endoderm (Fig. 4c,d ). Claudin-7L1 was expressed along the dorsal midline of the neural tube, in the otic placode and vesicle, the branchial arches (Fig.  3l,o,r) , and both the epithelial and sensorial layers of the epidermis (Fig. 4g,h ).
Expression patterns of claudin-4L1 and -4L2, as well as reported Xcla, were very much alike during early development. Claudin-7L1 showed a similar expression pattern to claudin-4L1 and -4L2 during the gastrula stage but clearly different patterns during the neurula and tailbud stages. It should be noted that claudin-4L1, -4L2, and -7L1 are expressed in tissues showing morphogenetic movements, such as epiboly and convergent extension, in which migration/rearrangement and remarkable change of cell shapes are observed (Keller and Hardin, 1987) . Recently, a gene disruption study in mice has shown that claudin-1 is required for generating the integrity of skin (Furuse et al., 2002) . In Xenopus, tight junctions as well as gap junctions are implicated in the determination of left-right asymmetry as assayed by modulating the activities of Xcla and connexin gene, respectively (Brizuela et al., 2001; Levin and Mercola, 1998 ). It will be interesting to analyze the role of each claudin gene in the early embryogenesis.
Materials and methods
pBluescript SK (2) plasmid cDNAs were isolated from an anterior endomesoderm cDNA library of lZAP II clones (Shibata et al., 2001 ). Inserts were sequenced on both strands with LONG READER 4200 (LI-COR) with the T3 or T7 primer. Manipulation of Xenopus embryos was as described previously (Shibata et al., 2001 ). Embryos were staged according to Nieuwkoop and Faber (1967) . Whole-mount in situ hybridization of albino embryos with DIG-RNA probes was performed with an automated ISH system (AIH-101, Aloka) according to the method of Harland (1991) . Stained embryos were embedded in paraffin and sectioned. Nuclei were stained with DAPI. 
